Comparison of the 5'-terminal sequences of several tobraviruses suggests that the RNA-2 molecule of the tobacco rattle virus (TRV) anomalous isolate TCM arose from pea early browning virus (PEBV) RNA-2 by acquisition of 3' and 5' sequences from TRV RNA-1 and RNA-2 molecules, respectively. We have identified a region of homology in the RNA-2 molecules of PEBV, TRV and pepper ringspot virus which could have facilitated this recombination.
The tobravirus group consists of isolates of three distinct bipartite viruses, pea early browning virus (PEBV), tobacco rattle virus (TRV) and pepper ringspot virus (PRV) (Robinson, 1983; Robinson & Harrison, 1985 a, b) . Considerable homology between the RNA-1 molecules of isolates of the same virus has been demonstrated by hybridization (Robinson & Harrison, 1985a, b) . Similarity is generally also present between their RNA-2 molecules, but to a more variable extent. Little or no similarity between the RNA molecules of the three viruses can be detected by hybridization (Robinson & Harrison, 1985a, b) . A fundamental compatibility between the RNA-I and -2 molecules from isolates of the same virus has been demonstrated by the formation of pseudo-recombinants (Stinger, 1968; Lister & Bracker, 1969) , whereas those of different tobraviruses fail to form such pseudo-recombinants (Frost et al., 1967; Lister, 1968) . The three viruses are consequently considered to have distinct gene pools, within, but not between which genomic RNA molecules are freely compatible (Robinson & Harrison, 1985a, b) . TRV isolates I6 and N5 are considered anomalous because they appear to be exceptions to this rule . Despite having RNA-1 molecules homologous to those of other TRV isolates and resembling TRV strains in other ways, they produce virus particles serologically closely related to those of PEBV and appear to have PEBV-derived RNA-2 molecules (Harrison et al., 1983; Robinson et al., 1987; Van Hoof et al., 1966) . Thus they apparently represent TRV RNA-1/PEBV RNA-2 pseudorecombinants.
Examination of the nature of the RNA-2 molecules of TRV isolates I6 and N5 showed that although their internal sequences were homologous to those of PEBV, their terminal sequences resembled those of TRV . It was suggested that the terminal sequences were TRV RNA-l-derived, that their addition to or substitution in the RNA-2 molecules could have been effected by recombination, and that their acquisition was probably important in enabling the unexpected replication compatibility evidenced by the anomalous isolates .
Sequence data have become available which contribute a further insight into such putative recombination events. These data consist of the nucleotide sequences of TRV strain TCM and PEBV isolate SP5 (Angenent et al., 1986; Goulden et al., 1990) . Similarities between the TRV (TCM) genome and those of the anomalous isolates suggest that it too is a natural TRV RNA-1/PEBV RNA-2 pseudo-recombinant. Thus the internal sequences of TRV (TCM) RNA-2 are highly homologous to those of PEBV (D) RNA-2 and its terminal sequences are TRV RNA-l-homologous. At the T-terminus the region of homology is 1099 nucleotides in length (Angenent et al., 1986; unpublished data cited by Van Dun & Bol, 1988) . The presence of a sequence closely resembling that which occurs at the 5' termini of subgenomic RNAs at the junction between RNA-1 homologous and RNA-2-specific sequences suggested a model for the acquisition of these T-terminal RNA-1 sequences by RNA-2, i.e. a copy-choice mechanism (Angenent et al., 1986) . The subsequent identification of a similar sequence at the analogous junction on a wholly distinct TRV RNA-2 molecule supported this suggestion and the possibility Fig. 1 . Alignment of the Y-terminal sequences of tobravirus RNA-2 molecules from PRV, PEBV (SP5), the anomalous TRV isolate TCM, TRV (PLB) and (a only) of RNA-I from TRV (SYM). Dots within the sequences represent gaps introduced to obtain optimal alignment. Bars indicate identities between the sequences; sequences underlined potentially form a stem-loop structure. The alignments are numbered according to the least gapped sequence. (a) Alignment of the Y-terminal sequences over the 119 nucleotide length of the Y-terminal tandem repeat dement of PRV RNA-2 reveals that the anomalous TRV isolate TCM is homologous at its termini to the TRV strains. The box encloses a common region wherein close similarity between all RNA-2 molecules is observed. (b) Alignment of internal sequences, starting with the common region (boxed), reveals that RNA-2 of the anomalous TRV isolate TCM is homologous internally to PEBV RNA-2 sequences.
that a similar mechanism had generated the 3' termini of the RNA-2 molecules from all three anomalous isolates (Angenent et al., 1989) . The position of the analogous 5' junction and a possible mechanism by which it was generated can be suggested from the PEBV nucleotide sequence data now available (Goulden et al., 1990) . We aligned the 5'-terminal sequences of representative tobravirus RNA-2 molecules for which complete sequences are available (Angenent et al., 1986 (Angenent et al., , 1989 Bergh et al., 1985; Goulden et al., 1990) (Fig. la) . This alignment was made for the length of the 5'-terminal 119 nucleotide tandem repeat element of PRV RNA-2 on the assumption that this length is sufficient to specify the functions required of such sequences on the various RNA-2 molecules, e.g. initiation of progeny positivesense RNA during replication (Bergh et al., 1985) ; a partial TRV RNA-1 sequence is also included. The alignment not only reveals a region within which the acquisition of Y-terminal TRV sequences in the generation of TRV (TCM) RNA-2 might have occurred, but also strongly suggests that this acquisition was from a TRV RNA-2 rather than RNA-1 molecule.
Although examination of the alignment revealed no sequence motifs similar to those previously identified (Angenent et al., 1986) , and which might have had a role in the generation of the 5' terminus of the TRV (TCM) RNA-2 molecule, there is a 30 nucleotide sequence within the RNA-2 molecules of all three tobraviruses which is conserved (boxed, Fig. l a) . This 'common region' sequence also includes the conserved presence of inverted repeats (indicated by underlining), potentially able to form stem-loop structures with GUUUUU loops. The partial sequences of the RNA-2 molecules of TRV strains SYM, PSG and PRN show that they too demonstrate both primary and putative secondary structural homology in this region (not shown; see Hamilton et al., 1987) . The possibility that the TRV (TCM) RNA-2 molecule could have been generated by a recombination event within this region was explored by extending the alignment further into the RNA molecules. This alignment revealed that the homology between TRV (TCM) RNA-2 and those of other tobraviruses changes (Fig. l b) . Thus, whereas the terminal sequences of TRV (TCM) RNA-2 show 80% homologous to TRV sequences and are identical to PEBV sequences only in the six residues at the extreme 5' terminus and within the common region (Fig. 1 a) , the internal sequences of the RNA molecule are 809/0 homologous to those of PEBV and similar to TRV RNAs only within the common region (Fig. 1 b) . Downstream of the alignment shown in Fig. 1 (b) , similarity between TRV (TCM) and PEBV (SP5) drops to a low level (389/0) for approximately 100 nucleotides before returning to a high level (72 %) for the 185 nucleotides corresponding to the RNA-2a subgenomic promoter and leader sequence; their coat proteins are 55 % homologous (Goulden et al., 1990) . The common region thus appears to represent the junction of the terminal sequences homologous to those of TRV and the internal sequences homologous to those of PEBV in the TRV (TCM) RNA-2 molecule.
It has been suggested that both the 5'-and the Yterminal sequences of anomalous isolate RNA-2 molecules are derived from TRV RNA-1 . Evidence outlined above strongly suggests such an origin, but only for the Y-terminal sequences. Although alignment of the 5'-terminal sequences of RNA-1 and -2 revealed considerable homology (Fig. 1 a; , those of RNA-1 molecules include two deletions, which are conserved in both extent and position, relative to the RNA-2 sequences. Given that all RNA-2 sequences, including those from anomalous TRV isolates TCM and N5, are highly similar within the regions absent from the RNA-1 sequences, we conclude that the RNA-2 molecules of these anomalous isolates most probably acquired their 5'-terminal sequences from a TRV RNA-2 molecule, rather than from a TRV RNA-1 molecule.
We propose, therefore, that recombination within the common region identified on RNA-2 molecules representative of all three tobraviruses and also on that from the anomalous TRV isolate TCM, together with the previously suggested Y-terminal recombination (Angenent et aL, 1986) , could have generated TRV (TCM) RNA-2 from PEBV RNA-2, and TRV RNA-1 and -2 molecules. The partial sequence obtained for the anomalous TRV isolate N5 RNA-2 is not inconsistent with it having a similar origin. We suggest that the existence of such a common region at the 5' termini of tobravirus RNA-2 molecules, combined with spurious subgenomic promoter-like elements at the 3' termini of RNA-I molecules (Angenent et al., 1986; Cornelissen et al., 1986) , may provide the tobraviruses with the previously suggested means to accommodate RNA-2 molecules with different termini. These sequences could enable their replication by enzymes encoded by the different RNA-1 molecules of the three tobraviruses (Angenent et al., 1986) . On this basis, one might expect further such anomalous isolates to occur and the elements involved in their terminal sequence substitutions to be similar. All pseudo-recombinants characterized to date, however, appear to be combinations of TRV RNA-1 and PEBV RNA-2 molecules, and none of the alternative permutations has been reported. Whether these latter simply await isolation or do not occur remains to be seen.
